. Thus, many studies have been published on Eu
31
-and Tb 31 -activated inorganic crystals, which are known as phosphors [2] [3] [4] [5] [6] . In 1999, Meijerink and colleagues introduced efficient red-emitting LiGdF 4 :Eu 31 phosphors that demonstrated a quantum efficiency (QE) greater than 100% via the quantum cutting (QC) process 7 . Such QC phosphors can be applied to solar cells for the improvement of solar cell efficiency by converting ultraviolet (UV) light into visible light with increased photon numbers 8, 9 . However, for application in solar cells, nanometer-sized QC phosphors (i.e., QC nanophosphors) should be used to minimize incident light scattering because the QC phosphors are located in front of the Si solar cell 8, 10 . Recently, thanks to the development of synthetic methodology, well-defined nanophosphors of uniform size were successfully synthesized via thermal decomposition, hydrothermal, and co-precipitation methods, among others [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . However, to the best of our knowledge, there have been no reports on LiGdF 4 :Eu 31 nanophosphors. This may be partly attributed to the difficulty associated with the synthesis of single-tetragonal-phase LiGdF 4 nanocrystals (NCs) considered as a host crystal for nanophosphors [24] [25] [26] . Because of its inherently low lattice phonon energy, LiYF 4 has been used as a host crystal for upconversion phosphors [24] [25] [26] . Similar to the cases of NaYF 4 and NaGdF 4 as host materials 27, 28 , LiYF 4 may be a good candidate for downshifting phosphors as well as a promising host lattice for upconversion 29, 30 . In this article, we report on the luminescence properties of LiYF 4 31 and Eu 31 concentrations, and the feasibility of their use in a transparent display application was examined through the fabrication of multicolor-emitting polymer composites.
Results

LiYF 4 :Eu nanophosphors with various Eu
31 concentrations were synthesized to achieve strong red luminescence. Figure 1 shows transmission electron microscopy (TEM) images of the LiYF 4 :Eu nanophosphors. Until 35 mol% Eu 31 doping, the LiYF 4 :Eu nanophosphors showed uniform size and shape (Figures 1a-d) . However, when the concentration of Eu 31 was 40 mol%, both large and small particles were simultaneously observed (Figure 1e ). When the concentration of Eu 31 was greater than 40 mol%, uniform small particles were obtained (Figure 1f ). This morphological change was attributed to the crystal structure of the LiYF 4 :Eu. For Eu 31 concentrations less than 40 mol%, nanocrystals (NCs) with a single tetragonal phase were synthesized (see X-ray diffraction (XRD) patterns of Figure S1 ). When 40 mol% of Eu 31 dopant was incorporated, mixed phases of tetragonal and orthorhombic structures were synthesized, whereas NCs with an orthorhombic structure was formed with Eu 31 concentrations greater than 40 mol%. As shown in Figure 1 , the particle size increased slightly from 8.0 6 0.7 to 10.0 6 0.6 nm as the doping concentration of Eu 31 ions was increased to 30 mol%. Then, large tetragonal bipyramidal particles with edge lengths of 63.2 6 2.2 nm 3 68.4 6 1.9 nm were synthesized under a Eu 31 doping condition of 35 mol%. This result is similar to finding in our previously reported work 23 . Doping the Y 31 sites with ions that are larger than the Y 31 ion induces the large particle size due to the presence of less negatively charged F 2 ions at the (101) surface layer of the LiYF 4 crystals 23 . However, too much Eu 31 doping led to the Figure S2 ), and YF 3 :Eu showed a rhombic plate shape, as shown in Figures 1i and j. Figure 2 shows photoluminescence (PL) and photoluminescence excitation (PLE) spectra of LiYF 4 :Eu nanophosphors. Sharp emission peaks can be observed in the red spectral region of the PL spectra. These peaks were attributed to the electronic transitions from the excited 5 D 1 and 5 D 0 levels to the 7 F J (J 5 0-6) levels 3 . As shown in Figure 2a , a strong emission peak at approxmately 610-620 nm can be ascribed to the hypersensitive electric dipole transition of the 5 . Thus, broad excitation bands due to either charge transfer or the 4f-5d transition were not observed in the UV spectral region, whereas sharp excitation peaks due to the f-f transition can be observed in Figure 2b . The particle size increased after shell formation on the LiYF 4 :Eu(35%) cores. Energy dispersive X-ray spectroscopy (EDS) analyses indicated that core/shell structured nanophosphors were successfully synthesized (Figures 4c and d) . In the EDS spectrum of a single LiYF 4 :Eu(35%)/LiYF 4 :Ce(15%), Tb(15%) nanoparticle, Ce and Tb peaks as well as Eu peaks were observed, whereas only Eu peaks were observed in the EDS spectrum of a single LiYF 4 :Eu(35%) core nanoparticle. Combining the XRD patterns ( Figure S4 ) with EDS spectra (Figures 4 and S5) Figure  S8 shows EDS spectra obtained at different locations (center and edge) of individual LiYF 4 :Ce(15%), Tb(15%) core and LiYF 4 :Ce(15%), Tb(15%)/LiYF 4 :Eu(35%) core/shell nanoparticles. In the EDS spectra of core nanoparticles, peaks associated with Ce and Tb were observed, whereas Eu peaks were not observed at either central or edge regions of the core nanoparticles ( Figures S8a and b) . In the core/shell nanoparticles, the intensity of the Eu peak was strong, whereas the Ce and Tb peaks were very weak at the edge region. By contrast, the intensities of the Ce and Tb peaks were strong and that of the Eu peak was very weak at the central region of the LiYF 4 :Ce(15%), Tb(15%)/LiYF 4 :Eu(35%) core/shell nanoparticle ( Figures S8c and d) . These TEM, XRD, and EDS results support that LiYF 4 :Ce(15%), Tb(15%)/LiYF 4 :Eu(35%) nanophosphors were successfully synthesized with a single tetragonal structure. Figure 5e shows the PL spectra of LiYF 4 Figure 2b , a weak PLE peak can be observed in the UV spectral region (approximately 300 nm), and , and Eu 31 triply-doped system was the most efficient for obtaining strong Eu 31 emission compared with the core/shell structured nanophosphors shown in Figure 3 . Furthermore, the emission intensity of the nanophosphor was further enhanced by growing a LiYF 4 shell on the LiYF 4 :Ce(15%), Tb(15%), Eu(1%) core. After forming the LiYF 4 shell on the core, the particle size was slightly increased (Figure 6b) , and EDS spectra obtained from individual particles confirmed the formation of a core/shell structure ( Figure S10 ). Thanks to the formation of a LiYF 4 shell on the core, the PL intensity of the LiYF 4 :Ce(15%), Tb(15%), Eu(1%)/LiYF 4 core/shell nanophosphors was 62% higher than that of the core nanophosphors. As a result, the Eu 31 emission intensity of the core/shell nanophosphors was 4.6 times greater than that of the LiYF 4 :Eu(35%) nanophosphors (Figure 6c ). In the Ce, Tb, and Eu triply-doped phosphor system, it was reported that Tb blocks the Ce-Eu charge transfer 42, 43 . However, weak Ce 41 -related peaks were observed with strong Ce 31 -related peaks in the X-ray photoelectron spectroscopy (XPS) spectrum of LiYF 4 :Ce(15%), Tb(15%), Eu(1%) ( Figure S11 ). In particular, the specific peak at 917 eV, which is frequently taken as confirmation of the presence of Ce 41 , was observed in the XPS spectrum 44, 45 . Although Ce 41 -related peaks were very weak and negligible, there might be probability of the exsitence of the electron transfer relation (Ce 31 (Figure 7b ). As shown in the PLE spectra of Figure 7c , strong broad bands were observed in the UV region due to the 4f R 5d transition of Ce 4 :Ce(13%), Eu(1%), the LiYF 4 :Ce(13%), Tb(14%), Eu(1%) exhibited the significantly higher PL intensity ( Figure S14 ). 
Discussion
In the PLE spectra of Figure 7c , the PLE band due to the 4f R 5d transition of Ce 31 ions was strong, whereas the PLE peak of the 7 Figure S15 ). This result indicates that the weak PLE peak at 487 nm in Figure 7c was 46 , the probability of energy transfer via multipolar interaction can be expressed by the following equation
where P is the energy transfer probability, t D is the decay time of the donor emission, Q A is the total absorption cross-section of the acceptor, R is the distance between the donor and the acceptor, and b and c are parameters that depend on the type of energy transfer. Figure S16 ). First, the Ce 31 decay of LiYF 4 :Ce(15%) was compared with that of LiYF 4 :Ce(15%), Eu(10%), which showed the strongest red emission from Eu 31 in the LiYF 4 :Ce, Eu system, as shown in Figure S3 . The Ce 31 decay time was shortened from 12.3 ns for LiYF 4 :Ce(15%) to 0.6 ns for LiYF 4 :Ce(15%), Eu(10%). This result indicates that energy was transferred from Ce 31 to Eu 31 even though the nanophosphors were not doped with Tb 31 . In addition, the Ce 31 decay time of LiYF 4 :Ce(15%), Tb(15%), Eu(1%) was shorter than that of LiYF 4 :Ce(15%), Tb(15%) (Figure S16(b) ). Upon comparing the decay profile of the greenemitting LiYF 4 :Ce(13%), Tb(14%) with that of the orange-emitting LiYF 4 :Ce(13%), Tb(14%), Eu(5%), the Ce 31 decay time (0.4 ns) of the LiYF 4 :Ce(13%), Tb(14%), Eu(5%) was found to be shorter than that (1.2 ns) of the LiYF 4 :Ce(13%), Tb(14%), as shown in Figure S17 . These results also support the pathway of Ce 31 R Eu 31 energy transfer. In summary, the energy transfer process in LiYF 4 :Ce, Tb, Eu nanophosphors can be depicted as in Figure 8c . When the LiYF 4 :Ce, Tb, Eu nanophosphors were excited with 300 nm UV light, the external UV light was absorbed by Ce 31 and then transferred to Tb 31 , followed by the transfer of this excited energy from energy transfer, which is consistent with previous reports 42, 43 . As a consequence, the emission peaks are observed in the green and red spectral regions with intensity ratios that vary as a function of the Eu 31 concentration. Nanophosphors with uniform size and shape can be dispersed in a polymer matrix 48 . To investigate the feasibility of applying LiYF 4 :Ce, Tb, Eu nanophosphors to transparent display devices, the nanopho- sphors were incorporated into polydimethylsiloxane (PDMS) polymer. Figure 9 depicts photographs of the LiYF 4 :Ce, Tb, Eu nanophosphor-PDMS composites taken under ambient indoor light and UV illumination. As shown in Figures 9a, S18a, and S19a, the LiYF 4 :Ce, Tb, Eu nanophosphor-PDMS composites were highly transparent, and the background logos can clearly been seen. Transmittances of most nanophosphor-PDMS composites were higher than 75% in the visible spectral range ( Figure S20 ). As we expected from the multicolor-emitting properties of the LiYF 4 :Ce, Tb, Eu nanophosphors, the LiYF 4 :Ce, Tb, Eu nanophosphor-PDMS composites also showed bright multicolor emission from green to orange, including yellowgreen, greenish yellow, yellow, and orange yellow under illumination with a hand-held UV lamp (Figures 9b, S18b , and S19b). The emission of uniform visible light from the highly transparent nanophosphor-PDMS composites verifies that the LiYF 4 :Ce, Tb, Eu nanophosphors were uniformly incorporated into the PDMS composites. The brightness of the nanophosphor-PDMS composites can be further enhanced by adapting the core/shell structured nanophosphors because the LiYF 4 :Ce, Tb, Eu(1-5%)/LiYF 4 showed a stronger PL intensity than the LiYF 4 :Ce, Tb, Eu(1-5%) core nanophosphors ( Figure S21 ).
In summary, single-tetragonal-phase colloidal . Then, 1 mmol of Ln(oleate) 3 complexes was loaded into a three-necked flask containing a solvent mixture of 10.5 mL OA and 10.5 mL ODE. The mixture was heated to 150uC for 40 min. After the reaction mixture cooled to 50uC, a methanol (MeOH) solution (10 mL) containing LiOH?H 2 O (2.5 mmol) and NH 4 F (4 mmol) was added to the reaction flask and stirred for 40 min. After removing the MeOH, the solution was heated to 320uC for 90 min under an Ar atmosphere. The assynthesized nanophosphors were washed several times with ethanol and then dispersed in chloroform. After the solution was cooled to 80uC and 10 mL of LiYF 4 :Ce, Tb, Eu chloroform solution was injected into the reaction flask. Then, chloroform solvent was removed, and the reaction mixture cooled to 50uC. A MeOH solution (10 mL) containing LiOH?H 2 O (2.5 mmol) and NH 4 F (4 mmol) was added to the reaction flask and stirred for 40 min. After the MeOH was removed, the solution was heated to 300uC for 110 min under an Ar atmosphere. The as-synthesized core/shell nanophosphors were washed several times with ethanol and then dispersed in chloroform.
Synthesis of the LiYF
Preparation of the nanophosphor-PDMS composites. To prepare the multicoloremitting LiYF 4 :Ce, Tb, Eu-PDMS composites, 0.4 mL of the LiYF 4 :Ce, Tb, Eu solution was thoroughly mixed with 10 mL of SYLGARD silicone elastomer 184 followed by the addition of a curing agent (1 mL). Finally, the nanophosphor-PDMS composites were aged overnight and then heat-treated at 80uC for 1 h.
Characterization. The crystal structures of the as-synthesized nanophosphors were determined using a Bruker D8 ADVANCE diffractometer with Cu K a radiation (l 5 1.5406 Å ) at 40 kV and 40 mA. The PLE and PL spectra and PL decay profiles of the nanophosphor solutions were obtained using a Hitachi F-7000 spectrophotometer. The size and morphology of the nanophosphors were investigated using a Tecnai G2 F20 (FEI Co.) operated at 200 kV. The EDS spectra were obtained using an EDAX EDS spectrometer PV9761. 
